We have determined the DNA sequence of the 4070 base pair mitochondrial plasmid from the Labelle-lb 3train of Neuroapnra Intermedia. Analysis of the sequence revealed that the plasmid contains a long open reading frame (ORF) that could encode a protein of up to 1151 amino acids. Codon usage in the long ORF shows no clear relationship to Neurospora mitochondrial genes, nuclear gene3, nor to the ORF of a different Nanrn.ipnra mitochondrial plasmid. The long ORF contains regions of similarity to yeast mitochondrial RNA polymera3e as well as blocks of amino acids that are characteristic of reverse transcriptases and the ORFs of certain group II mtDNA introns (Michel and Lang, (1985) Nature 21£,641). The plasmid gives rise to specific transcripts, some of which may be unit length, and which carry the information for expression of the long ORF. The genetic organization and content of the plasmid suggest that it is related to mobile genetic elements.
INTRODUCTION
Various strains of Nsurn.ipora recently isolated from nature contain mitochondrial pla3raids. Originally, three mitochondrial plasmids were described from three different Neurn.ipnra strains: Fiji N6-6, Mauricevillelc, and Labelle-lb (1, 2) . These three plasmids were shown to be unrelated to each other, and to the standard mtDNA of Nf?urospor« r on the basis of DNA-DNA hybridization and restriction enzyme studies. All the plasmids are small circular DNAs consisting of one or more monomer units joined in a head to tail arrangement. Strains carrying the plasmids grow at a rate equivalent to non-plasmid containing strains. No alterations in mitochondrial function have been detected in plasmid containing strains (1, 2) . All the circular mitochondrial plasmids of Neuronpora that have been described subsequently have been found to belong to one of the original three homology groups (3) (4) (5) (6) ). An unrelated linear plasmid, capable of causing senescence by integration into the mtDNA of N.-int-.wrmprH n. has also been described (7) .
DNA sequence analysis of the two plaamids in the Mauriceville homology group (Mauriceville and Varkud) has shown that both contain i long open reading frame (ORF) that i3 highly conserved between the two plasmids (8, 9) .
Both plasmids give ri3e to abundant transcripts, of unit length or longer, that encode the long ORFs (1, 6, 8) . The long ORFs contain short blocks of amino acid sequences with similarity to the ORF3 of certain group II mtDNA introns as well as retroviral reverse transcriptases and related proteins (6, 8, 10) and, recently, reverse tran3cripta3e activity has been demonstrated in the mitochondria of the Mauriceville and Varkud strains (11) . For the above reasons, the Mauriceville and Varkud plasmids are thought to be related to mobile genetic elements. This is supported by the finding that DNA sequences from these plasmids can integrate into mtDNA by a mechanism that suggests the involvement of an RNA intermediate and reverse transcription (12) . In an attempt to examine the origin, and possibly the function, of another Neurmpora mitochondrial plasraid, we have determined the DNA sequence of the plasmid from the U-i nframwrH a Labelle-lb strain.
MATERIALS AND METHODS

Strains and plawn^ds
Two strains of Neuroapora were U3ed in thi3 work: H-Intwrmfidia strain Labelle-lb and a H-r:ra33a laboratory 3train, 240A. nic-1 al-2 (obtained from Dr.H.Bertrand, University of Guelph). The latter strain is wild-type with respect to mitochondrial function and does not contain a mitochondrial plasmid. The strains were grown in Vogel's medium as described (13) .
The recombinant plasmids pLSLE38 and pLSPl were U3ed for large-scale isolation of mitochondrial pla3roid DNA. The former contains the entire Labelle mitochondrial plasraid cloned into the EcoRI site of pBR322; the latter contains the Labelle plasmid cloned into the PstI site of pBR322. These plasraids were provided by Dr3.L.Stohl and A.Lambowitz (Ohio State University). Plasmid pBSA15 was obtained by insertion of the 3.5 kb EcoRIBamHI fragment of the Labelle pla3mid (see Fig. 2 ) into the Bluescribe vector (Vector Cloning Systems). Cloning of the 0.6 kb EcoRI-BamHI fragment into the Blue3cribe vector yielded pBSAl. E. coXi strain HB101 (14) was used as host for plasmids pLSPl and pLSLE38. Plasmida pBSA15 and pBSAl were maintained in £. r.oli strain JM83 (15) . £. Cflli strain JM103 (15,16) was used as a hoot for phage M13 transfections.
Rar.t-.pHai Tran.if nrmat-i nn and Isolation of Bactfirial Plasmid DNA Bacterial cells were made competent as described (17) . Bacterial plasmid DNA was isolated by either the method of Kahn e_L a_l. (18) or a cleared lysate procedure (14) with modifications (19) .
Isolation of Mitochondria! Plasmid DNA Flotation gradient purified mitochondria (20) , isolated from 3 to 5 liters of late log phase culture, were suspended in 5 ml of 100 mM Tris-Cl.
(pH 7.6), containing 5 mM EDTA and then lysed by adding 0.5 ml of 10% SDS.
This mixture was extracted twice with phenol, followed by one extraction with chloroform:isoamyl alcohol (24:1). The aqueous phase was collected and dialyzed against 10 mM Tris-Cl (pH 7.6), 0.5 mM EDTA. For each ml of dialysed sample, 50 (il of a solution containing heat treated (98°, 15 min) RNases A (2 mg/ml) plus Tl (0.025 mg/ml) was added, and the mixture was incubated at 37° for 30 min. The DNA wa3 then centrifuged to equilibrium in CsCl-ethidium bromide gradients and the plasmid bond collected.
Restriction Digests and F.I pnt rophoresis DNA samples were analyzed on 0.81 agarose gels made in 100 mM Trisborate, pH 8.3; 2 mM EDTA. DNA restriction endonucleases were obtained from Bethesda Research Labs and were used as per the supplier's instructions.
DNA Sequencing and Analysis
The DNA sequence was determined by the dideoxy method (21) . To resolve regions of compression, dITP was used to replace dGTP in the reaction mixes (22) . The M13 phage derivatives mplO, mpll (16), mpl8 and mpl9 (23) were used for the production of single-stranded template DNA. DNA sequences were analyzed using the computer programs of Staden (24) (25) (26) (27) (28) and Queen and Korn (29) . The latter was obtained as "Microgenie" from Beckman Instruments.
Isolation of RNA from Mitochondria
Mitochondria from 2 to 3 liters of log phase culture were purified as described (20) , except that all buffers contained 25 Jig/ml polyvinyl 3ulphate, 35 ng/ml spermine, 5 mM DTT, 0.5% P-mercaptoethanol, 4 mM EGTA, and 5 mM N-ethylmaleimide (30) . The purified mitochondria were resuspended in 1 ml of buffer containing 0.44 M sucrose (Ultrapure) , 50 mM Tris-Cl (pH 7.6), 5 mM EDTA, 25 Hg/ml polyvinyl sulphate, 35 |ig/ral spermine, 5 mM DTT, 0.5% p-mercaptoethanol, 4 mM EGTA, and 5 mM N-ethylmaleimide. The mitochondria were lysed by adding 2 ml of a freshly prepared solution of the 3ame buffer minu3 the sucrose and containing 5% SDS and 4% DEPC (31) . The lysate was incubated at 37° for 5 min and then centrifuged at 10,000 rpm for 15 min at room temperature in a Sorvall SS-34 rotor. The supernatant was transferred to a tube containing 0.25 g of NaCl. The salt was dissolved by inversion, the tube cooled on ice for 10 min, and then centrifuged at 10,000 rpm for 25 min at 4° in a Sorvall SS-34 rotor. The supernatant was extracted twice with an equal volume of phenol:chloroform:isoamyl alcohol (25:24:1), and once with chloroform:isoamyl alcohol (24:1) . One tenth volume of 3 M sodium acetate (pH 5.0) and 3 volumes of 95% ethanol were added to the aqueous phase. The RNA was pelleted by centrifugation at 15,000 rpm for 30 min at 4° in an SS-34 rotor and dissolved in DEPC-treated sterile water.
RNA F.iectrophoresia and Norl-.h«rn Blotting RNA electrophoresis and blotting were as described (32) using Biotrans nylon membrane (ICN) . In some case3, samples of mtRNA were subjected to either DNase I or RNase A digestion prior to electrophoresis. The DNase I was predigested with protease K in the presence of 10 mM CaCl2 for 2 hr at 37°, as described (33) , to insure that RNase3 were removed completely. TW  P»  V»L  PHE  VAL  LYS  IT  ILI  H  IW  OLY  OLY  SER  OLY  LYS  LYS  TYR  LYJ  51"   3130  3t4o  3tw  3i«o  3t70  *i»o   TWO  ILI  OLU  THI  SE«  VAL  ARO  OLY  PHE  ILE  LYS  ALA  ALA  LIU  SER  ASP  ASH  AS»  ARO  P *  TACTATTGAAACTAOTOTTAOAOOTTTCATTAAAQCTOCTCTATCTOATAATOACCOTTT  31QO  32O0  J210  3220  3330  3340   OLY  ILE  POT  LYS  JSP  OLP«  PW  OLH  THR  TY«  ASH  ASP  ILE  ILI  LYS  PHE  ILE  »»0  OLY  HU  TQ8TATTCCCAAA0ATCAATTTCAAACTTATAAT0ATATCATTAAATTCATAC0C00  T C A  32BO  »2«O  3270  M»0  331O  "00   »IP  »L«  «L«  LYJ  ASH  VAL  LYJ  LIU  SER  LYS  TH»  JM  ILE  JE»  AW  LIU  LYJ  CYJ (Table 2) . Furthermore, consideration of the use of various codons that distinguish Nenrosoora mtDNA intronic ORFs from the so-called "standard" genes (Nmirospora mtDNA exons), shows that the Labelle plasmid ORF cannot be clearly placed in either of these categories.
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The use of CGN, UGG, ACC + ACG, CUC, and AAG codons i3 basically similar to that in mtDNA introns, but the ratios of UUU/UUC, UAU/UAC, and CAU/CAC codons are more similar to mtDNA exons (Table 2 ) . There is also no relationship apparent between the long ORFs of the Labelle and Mauriceville plasmids since in all aspects of codon usage listed in Table 2 , the two ORFs differ substantially. The possibility that the long ORF was derived from the Nenro.spora nucleus is unlikely, since about 70% of codons used in Neuronpora nuclear genes end in G or C. regions of similarity, but these were scattered through the proteins and did not maintain colinearity. However, the long ORF does contain six correctly ordered stretches of amino acids with similarity to the mitochondrial RNA polymera3e of yea3t (47) (Fig. 3) . Computer searches for the most conserved amino acids in these blocks followed by inspection of the surrounding sequence, revealed related sequences present in the correct order in the Labelle ORF (Fig. 4) . Twenty Therefore, we made a detailed scan of all six plasmid reading frames for motifs characteristic of other functions utilised by these elements, including RNA binding sites (52) , protease (52) «nd RNase H (53) . A sequence with the highly conserved "«sp-thr-gly" motif, found in both retroviral and acid proteases (54) , was detected in the long ORF (starting at omino acid 78) . However, the similarity of this region to other proteases does not extend outside these three amino acids and its significance is questionable.
Other SffqiiFinr.ft Features
The Mauriceville mitochondrial plasmid was found to contain a set of sequence elements related to those characteristic of Group I mitochondrial introns (8) . A computer search was done for sequences characteristic of either group I or group II mitochondrial introns (55, 56) in the Labelle plasmid but no striking similarities were found.
The plasmid contains various palindromes, direct repeats, and regions of relative GC richness. The significance of these is not known but it is of interest that the most thermodynamically stable of the potential hairpinloop structures is found outside of the sequence encoding the long ORF. The structure includes base3 3612 to 3672 with a 7 base loop and, excluding 2 G-U base pairs, contains only 2 unmatched bases. In various organisms, such structures have been implicated in functions such 03 transcription termination, RNA processing, and mtDNA replication, but there is no basis for assigning a role to thi3 structure in Labelle.
Remarkably, the relatively short 614 base pair region, not within the long ORF sequence, contains regions of similarity to other DNA sequences.
For example, bases 3907 to 3931 are 92% identical to short regions of repetitive elements found in both x^nopun laevis (57) and sea urchin (58), and bases 386? to 3897 are 80% identical to a region of the rat genome near amino acid in Labelle is a member of the same amino acid family as the highly conserved amino acid (See legand to Figure 3) . A number 1 or 2, instead of a letter, indicates that at that position at least 75% of the amino acids are members of the same amino acid family. Family 1: G,A,S,T, or P; family 2: L,I,V, or M. An open circle indicates that the amino acid in Labelle is a member of the same conserved amino acid family. Underlined amino acids are those that differ at one of the highly conserved positions. Lower case letters extend sequences from the three Ngurospora sequences when similarity outside the seven blocks was evident. The number of amino acids (AA) between the blocks is also indicated. The lower case letters shown in the Npiironpora sequences were not considered as part of the block when counting the amino acids between the blocks. 
Transcriptinn of rhp Labelift plasmid
When the Labelle pla3mid was initially described, prolonged exposure of Northern blots revealed weak hybridization of Labelle plasmid specific probes to bands from 2 to 4 kb in size, but it was unclear if these were low level RNAs or small amounts of DNA contaminating the RNA preparations (2) .
The discovery of the long ORF, prompted us to investigate further the possible transcription of the plasmid. To facilitate detection of low level transcripts, the sensitivity of detection was optimized by using labelled, strand-specific RNA for probes of Northern blots (62) . To achieve this, the 3.5 kb and 0.6 kb EcoRI-BamHI fragments of the pla3mid (Fig.2) were cloned into Bluescribe vector to yield p3asmids pBSA15 and pBSAl, respectively (Fig.5) . The 3.5 kb fragment contains the entire coding sequence of the ORF.
The transcript produced from pBSA15 using T3 RNA polymera3e would be complementary to a mRNA that was capable of directing the synthesis of the long ORF. Transcription of pBSA15 using T7 RNA polymerase gives rise to a transcript which would complement an RNA produced fram the opposite strand. (Fig. 6 , compare lanes 2, 4) and not DNase (Fig.6, lane 3) . These results suggest that a plasraid specific RNA is produced and that it is derived from the correct strand of the plasmid so that at least some of the long ORF could be expressed. It is unclear why the T3 probe of pBSA15 does not hybridize to the same DNA sequences as the T7 probe, but the re3ult3 were consistent in experiments using separate preparations of mtRNA. The size of the RNA3 detected ranges from about 1.5 to 4.1 kb. Those of about 4.1 and 3.2 kb appear to be the predominant ones. In a different preparation of mtRNA, these two predominant transcripts were even more abundant relative to the others (not shown). Labelle mitochondrial plasmid ORF also contains block3 of amino acids similar to those found in these groups. The spacing between the seven blocks in Labelle is quite different from that in the other proteins (except for that between regions VI and VII) . However., the spacing between the blocks in the retroviral -sequences is in most cases different from that seen between the blocks in the intron sequences (10 and Fig. 4) . Similarly, while the spacing between blocks in the Mauriceville ORF is in some cases similar to the intron group, it contains unique spacing between regions III and IV, IV and V, and V and VI. The reverse transcriptase related sequences found in the LI family of primate repetitive elements contain spacing different from other groups between regions III and IV, IV and V, and VI and VII (63) .
Thus, spacing between the blocks appears to be characteristic of related groups of sequences, and the Labelle ORF probably represents a novel group.
The canonical "asp-asp" sequence surrounded by a number of hydrophobic residues in region V, i3 present in the Labelle ORF as "asp-glu". The "aspasp" motif has been found to be conserved in all previous comparisons of reverse transcriptase and reverse transcriptase like proteins (10, (52) (53) (54) (63) (64) (65) (66) (67) . In addition, the motif was found to be present in the amino acid sequences of the putative RNA dependent polymerases of several RNA viruses (68, 69) . Given the heretofore 100% occurrence of the "asp-asp" motif in these proteins, it is possible that the Labelle ORF is unrelated to them.
However, this seems unlikely given the number of highly conserved positions that have been maintained in the Labelle ORF. In fact, more positions are conserved in the Labelle ORF than in the Ty sequence (3ee Fig. 4 ). The hydrophobic character of the amino acids immediately downstream from the "asp-glu" i3 interrupted in the Labelle ORF by two lys residues. However, some other putative reverse transcriptase3 and RNA dependent polymerases also contain polar or charged residues in this region (68, 70, 71) .
The regions of similarity to yea3t mtRNA polymerase also suggest that the protein produced from the long ORF i3 involved in nucleic acid metabolism. However, since only one of the regions of similarity corresponds to the more highly conserved regions found between the yeast raitochondrial RNA polymerase and the T3 RNA polymerase (47) , it i3 unlikely that those in Labelle are crucial for the function of a DNA dependent RNA polymerase.
Perhaps they represent regions capable of interactions with nucleic acids.
The properties of the pla3mid3 in the Mauriceville homology group have led to the suggestion that they are mobile genetic elements (6, 8) . This has been supported by the finding that they integrate into Neurospora mtDNA (12) , and encode reverse transcriptase activity (11) . In many respects, the Labelle plasmid i3 similar to the plasmids in the Mauriceville group. It is a small circular DNA that encodes a long ORF with blocks of sequence similarity to reverse transcriptases, and gives rise to transcripts that are, or are close to, unit length. Thus, it is reasonable to postulate that the Labelle plasmid is also a mobile element that is distantly related to retroid genetic elements. Xiong and Eickbush (72) have recently derived a phylogenetic tree for all reverse transcriptase containing genetic elements.
Their analysis places the the reverse tran3criptases of mitochondrial introns and the Mauriceville ORF in a group of transposable elements that lack long terminal repeats. Particularly diagnostic of this group is the presence of an ala residue just preceding the "asp-asp" motif. The Labelle long ORF contains an ala residue in the corresponding position, suggesting that it may belong to this class of genetic elements.
